Abstract Two innovative studies recently identified func-
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An elegant study recently published by Louveau et al. convincingly demonstrated , for the first time, well-organized and functional lymphatic vessels lining the dural sinuses of the meninges (Louveau et al. 2015) . The vessels were connected to deep cervical lymph nodes, expressed all the markers for endothelial cells, and carried fluid containing monocytes and macrophages (the primary immune cells within the brain) and T cells. The authors suggested that, in light of these data, Ba reassessment of basic assumptions in neuroimmunology^was warranted that could Bshed new light on the etiology of neuroinflammatory and neurodegenerative diseases associated with immune system dysfunction.^Simultaneously, Aspelund and colleagues defined a similar lymphatic vessel network in the dura mater of the mouse brain (Aspelund et al. 2015) . We wholeheartedly agree with their assessments and are eager to note with particular interest the implications for the development of HIV-associated neurocognitive diseases (HAND) occurring in patients on otherwise efficacious virally suppressive combinational antiretroviral therapy (cART), including both severe forms of HIV-associated dementia (HAD) as well as milder pathologies such as asymptomatic neurocognitive impairment (ANI) and mild neurocognitive disease (MND) (Antinori et al. 2007 ). We propose that the newly discovered relationship of the meninges to the lymphatic system provides a key-and previously unrecognizedmechanism by which HIV-infected macrophages can surreptitiously and continually migrate between the brain and the lymphatic system in the face of cART and contribute to the development of HAND-related disorders.
HIV is undoubtedly neurovirulent and neuropathogenic (Harezlak et al. 2011) . While cART has greatly reduced the incidence of HAD, approximately 50 % of HIV + patients still develop some degree of HAND that can reoccur over the course of their lifespan (Heaton et al. 2010) . The mechanisms behind this pathology are unclear, given that the vast majority of patients on therapy experience well-controlled plasma viral loads to undetectable levels. HIV enters the brain during both early and late infection (Burdo et al. 2013; Strickland et al. 2014; Kim et al. 2003; Fischer-Smith et al. 2001) . Once the brain is infected, HIV variants that are genetically distinct from plasma or other anatomical sites may appear (Korber et al. 1994; Salemi et al. 2005) . When observed, this viral compartmentalization could suggest the selection of brainadapted HIV over time. Another hypothesis is that a subset of cells migrating from the periphery carry a subpopulation of virus to the brain (Williams and Burdo 2012; Lamers et al. 2010) . Several questions regarding HIV infection in the brain remain elusive, including the impact of cART on brain viral evolution, whether HAND is caused directly by HIV-infected brain macrophages or if HAND is the result of chronic systemic immune activation. While cART penetration will reduce cerebral spinal fluid virus loads (Eggers et al. 2003; Antinori et al. 2002) , it does not necessarily improve HAND, and in some cases HAND becomes worse with cART initiation (Cespedes and Aberg 2006) .
HIV productively infects dendritic cells, macrophages, and CD4 + T cells (Kedzierska and Crowe 2002; Campbell et al. 2014; Teleshova et al. 2003; Alexaki et al. 2008) . Monocytes, which are macrophage precursors, can carry HIV to tissues, but the degree that they can replicate the virus prior to macrophage differentiation remains debated (Kedzierska and Crowe 2002) . Although cART effectively reduces overall plasma viral loads to undetectable levels, usually the virus quickly rebounds as a viable replicating population once therapy is removed (Rothenberger et al. 2015) . The location of cellular HIV reservoirs is a matter of considerable interest and controversy (Le Douce et al. 2010; Pierson et al. 2000; Svicher et al. 2014; Coleman and Wu 2009) . Latently infected and longlived resting memory CD4 + T cells are presumed to act as the primary reservoir of residual virus due to their relatively high levels of infectivity during natural infection and capacity to remain in a non-dividing state for an extended period. These cells also have the advantage of being readily isolated from peripheral blood, easy to culture, and infect in vitro, and therefore have been extensively studied. Tissue macrophages, which can originate during embryonic development (Epelman et al. 2014) or are derived from circulating monocytes, can also harbor and readily replicate HIV during cART (Lamers et al. 2012; Le Douce et al. 2010; McGrath 1996; Moir and Fauci 2010) . Furthermore, the HIV Nef protein enhances macrophage tissue infiltration and could contribute to the accumulation of macrophages in anatomical sites of some HIV-infected patients (Verollet et al. 2015) . However, the low frequency of HIV-infected macrophages, combined with the fact that they rarely circulate in blood, renders this a difficult cell population to study. Macrophages are distinct from activated CD4 + T cells in that they can live for months or even years, they show a much lower intra-cellular concentration of antiviral drugs compared to other HIV target cells (Abbas et al. 2015) , and they are less prone to viral-activated cell death (Swingler et al. 2007; Crowe et al. 2003) . At end-stage HIV disease, when viral loads can be very high and T cell levels plummet, most HIV is coming from a productive macrophage reservoir (Igarashi et al. 2001) . The penetration of drugs deep into macrophages is likely much lower than T cells (Gavegnano and Schinazi 2009) . Furthermore, macrophages are efficient at cell-to-cell transfer of HIV RNA to other neighboring macrophages and T cells (Duncan et al. 2014) , which allows the virus to bypass critical stages of assembly, budding, cell-receptor attachment, and entry that are targeted by the immune system and/or therapy. Therefore, although the absolute numbers of infected macrophages is probably much lower than T cells (Rothenberger et al. 2015) , they have the potential to harbor persistent infection for a long time in the face of cART.
Productive HIV infection in the brain is found within the inflammatory infiltrate, which predominantly consists of macrophages (Williams et al. 2001; Fischer-Smith et al. 2008) . Until now, the only mechanism for HIV to enter and infect brain macrophages was assumed to be via migrating blood HIV + monocytes through a complex process . The blood vessel endothelium (BVE) is tightly supported on a basement membrane located in the arachnoid layers of the brain. Monocytes migrate through the intact BVE (diapedesis), which requires a multifaceted series of signaling events (Kamei and Carman 2010) (Fig. 1) , beginning with interactions of cell adhesion molecules that cause a monocyte rolling action. Monocyte rolling accelerates their responses to the chemokines presented on the surface of the BVE. Next, there is an interaction between monocyte integrin receptors with their endothelial ligands that causes monocytes to mobilize and undergo an actin-dependent spreading, polarization, and lateral migration on the luminal surface of the endothelium. Finally, monocytes seek permissive sites where they protrude and eventually migrate between the tightly packed endothelial cells (pericellular diapedesis) or through a transcellular pore within an endothelial cell (transcellular diapedesis) (Kamei and Carman 2010) to an interstitial tissue compartment where they differentiate into varied macrophage types depending on the cytokines they encounter (i.e., activated or regulatory) and varied morphology depending on their anatomical location (i.e., Kupffer cells in the liver or alveolar macrophages in the lung).
The recent discovery of lymphatic vessels in the meninges opens up an unexplored route for HIV + monocytes or HIV + -differentiated tissue macrophages collected in lymph from other anatomical sites to migrate to and from brain tissue. Monocytes and macrophages are heterogeneous populations, and the possibility of an HIV + subpopulation selectively using this route is of great interest. Lymphatic vessels are dynamic structures that continually adapt to their environment and are distributed throughout the body where they closely interact with the circulatory system and all anatomical tissues. While they are associated with drainage of excess tissue fluids to lymph nodes, lymphatic vessels are also conduits for immune cell trafficking and profoundly influence the immune system by manipulating inflammatory processes (Kataru et al. 2014; Kuan et al. 2015) . Unlike blood vessels, the endothelium of lymphatic vessels is more loosely constructed, built from a single layer of lymphatic endothelial cells that includes numerous discontinuous endothelial junctions, which allow for rapid absorption of fluids as well as the mobilization of immune cells to and from sites of inflammation ( Fig. 1) (Kuan et al. 2015) . The meningeal lymphatic vessels discovered by Louveau et al. were defined as initial lymphatics, which differ from collecting lymphatics due to overlapping flaps at borders of oak leaf-shaped endothelial cells that form discontinuous button-like junctions, whereas collecting lymphatics have continuous, zipper-like junctions at cell borders without openings (Baluk et al. 2007 ). While initial lymphatic vessels absorb fluids from anatomical sites where HIV-infected tissue macrophages potentially reside, their inherent permeability permits the distribution of lymph components to dendritic cells and macrophages in other adjacent tissues. Moreover, the lymphatic network is linked to the spleen, lymph nodes, and adipose tissue, all of which are known to contain large reservoirs of HIV target cells (Couturier et al. 2015; van't Wout et al. 1998; Svicher et al. 2014) . The timing of HIV infection in the brain has been studied using a phylogenetic approach and an in-depth molecular clock analysis in autopsy tissues from HIV + patients and in Rhesus macaques infected with simian immunodeficiency virus (SIV). While HIV/SIVappears to enter the brain via monocyte trafficking in the early stages of infection (Kim et al. 2003; Williams and Burdo 2012) , the virus also appears to reseed the brain at the onset of AIDS (Fischer-Smith et al. 2008) . Intermixing of HIV in the brain and peripheral tissues has been occasionally observed (Liu et al. 2000; Wang et al. 2001; Lamers et al. 2010) ; however, most HIV phylogenetic (Haggerty and Stevenson 1991; Salemi et al. 2007; van't Wout et al. 1998; Wong et al. 1997) . In our work, we also found that deep brain tissue HIV was significantly compartmentalized with respect to plasma HIV; however, we further determined that the meninges contained virus populations similar to both brain and peripheral tissues (Lamers et al. 2010 (Lamers et al. , 2011a Salemi et al. 2005) . This observation led us to further explore viral gene flow patterns between brain regions, the meninges and peripheral tissues in five patient autopsies (Lamers et al. 2011a) . In all five patients, we found evidence of gene flow from deep brain tissues to the meninges, and some evidence of gene flow from the meninges to the brain. These results highlighted the potential importance of the meninges in delivering virus to and from the deep brain tissue but could not explain the mechanism by which the virus was migrating.
We have previously identified HIV-infected macrophages lining vessel walls within meningeal tissues in pre-cART patient autopsy tissues using immunohistochemistry for HIV p24 (Fig. 2) (Lamers et al. 2012) . Although HIV is found in much lower frequency in Fig. 3 RNAscope of cerebellum in a patient who died with no detectable viral load. HIV vRNA (coding RNA+, fuchsia) was detected by RNAscope, a novel next generation in situ hybridization technique developed by Advanced Cell Diagnostic, using a HIV gag-pol probe in formalin-fixed and paraffin-embedded cerebellum tissue samples. The RNAscope assay was followed by colorimetric IHC for macrophage markers using mouse mAb to CD163 (Novocastra) and CD68 (Dako) (both brown), and nuclei were counterstained with hematoxylin. To confirm the specificity of in situ hybridization, we used lymph node tissue samples from HIV-negative individual (not shown). Human peptidyl-prolyl cis-trans isomerase B encoded by PPIB gene was detected with the Hs-PPIB probe in the HeLa cell control (ACD) and served as a RNAscope positive control (not shown). Tissue sections were analyzed with a Leica DM6000 B microscope equipped with a Leica DFC 500 camera. brain tissues from patients on cART, we have successfully identified HIV-positive cells in cerebellum tissue that are surrounded by infiltrating macrophages using RNAscope, a novel next generation in situ hybridization technique developed by Advanced Cell Diagnostics that employs a unique Bdouble Z^probe design, which greatly increases signal-to-noise ratio with visualization of single RNA transcripts. (Fig. 3) . Preliminary HIV sequencing data indicated that the virus derived from this patient's brain showed no signs of compartmentalization, originated from the patient's lymph node, and included historical as well as recently migrated and clonally expanding virus (manuscript in preparation). Further experiments are underway to confirm these findings in other patients. These evolutionary patterns were entirely different from pre-cART studies, suggesting a different HIV migratory pathway to the brain in cARTtreated patients. The studies of Louveau et al. and Aspelund et al. thus provide a realistic mechanism (the meningeal lymphatics) by which HIV can migrate into the brain via infected macrophages during cART when plasma and CSF viral load is undetectable.
Lymphatic anatomical sites are known sites of viral persistence and a source of rebound virus after cART (Rothenberger et al. 2015) . Adipose tissue, which is intimately associated with vessel growth and surrounds all lymph nodes, may be abnormally distributed due to HIV infection of adipose macrophages (Shikuma et al. 2014 ) and may also act as a persistent HIV reservoir during cART (Couturier et al. 2015) . The finding of a direct route between persistently infected lymphatic tissues to the meninges, where HIV-infected monocytes or macrophages could potentially migrate through endothelial junctions, has clear implications for HIV persistence, the establishment of HIV reservoirs during cART, and the development of the spectrum of neurological disorders associated with HIV infection. In addition, these pathways may be implicated in AIDS-related pathologies other than HAND, including as a metastatic pathway for tumor cells. Further studies are needed for defining the role of the meningeal lymphatic system as a primary mechanism of transport for HIV + immune cells to the brain.
